ABSTRACT Tooth morphogenesis is accompanied by apoptotic events which show restricted temporospatial patterns suggesting multiple roles in odontogenesis. Dental apoptosis seems to be caspase dependent and caspase-3 has been shown to be activated during dental apoptosis. Caspase-3 mutant mice on different genetic backgrounds were used to investigate alterations in dental apoptosis and molar tooth morphogenesis. Mouse embryos at E15.5 were analyzed to reveal any changes in enamel knots, which are transient structures eliminated by apoptosis. In caspase-3 -/-mice on the B57BL/6 background, disorganization of the epithelium was found in the original primary enamel knot area and confirmed by altered expression of Shh. Despite this early defect in molar tooth development, these mutants showed correct formation of secondary enamel knots as indicated by Fgf-4 expression. Analyses of adult molar teeth did not reveal any major alterations in tooth shape, enamel structure or pattern when compared to heterozygote littermates. In caspase-3 -/-mice on the 129X1/SvJ background, no defects in tooth development were found except the position of the upper molars which developed more posteriorly in the oral cavity. This is likely, however, to be a secondary defect caused by a physical squashing of the face by the malformed brain. The results suggest that although caspase-3 becomes activated and may be essential for dental apoptosis, it does not seem fundamental for formation of normal mineralised molar teeth.
Introduction
Apoptosis is an essential process in embryogenesis as well as adult cell, tissue and organ maintenance. Research efforts over the last years have led to the identification of many genes and interactions between their protein products that control the initiation, execution and regulation of programmed cell death via apoptosis.
During tooth development apoptosis occurs at all stages, particularly in early morphogenesis but also in dentinogenesis, amelogenesis and during tooth eruption (reviewed in Matalova et al., 2004) . Dental apoptosis has been suggested to play both passive and active roles in tooth bud formation and morphogenesis, in the reduction of the dental lamina and in the elimination of enamel knots -signalling centres at the heart of developing teeth. The location of apoptotic cells during tooth development has been described, however, there is little functional evidence concerning mechanisms and roles of dental apoptosis.
Apoptosis is mediated by distinct pathways, initiated from outside the cell (extrinsic or death receptor pathway) or from inside the cell (intrinsic or mitochondrial pathway). In both cases, signalling results in the activation of a family of cystein proteases, named caspases that act in a proteolytic cascade (Earnshaw et al., 1999; Shi et al., 2002) . Caspases are required for most types of apoptosis (Nicholson and Thornberry, 1997) , however, they can also play roles in non-apoptotic pathways (Gulyaeva, 2003; Schwerk and Schulze-Osthoff, 2003; Kumar, 2004) . The proapoptotic caspases have been shown to be required for embryonic development and their deficiency tends to cause perinathal letality (Zheng et al., 1999) .
Overexpression of different caspases by transfection into cells can induce apoptosis in certain cell lines (Wang and Lenardo, 2000) , however, it is not clear if apoptosis induced in this way represents the roles of caspases in vivo. Deletion of individual caspases is therefore necessary for understanding their physiological functions (Ranger et al., 2001) . Targeted disruption of caspase genes in mice has revealed different requirements for individual caspases during mammalian development (Zheng et al., 1999) . Specifically, caspase-8 -/-embryos die around E11 days with impaired heart development (Varfolomeev et al., 1998) , whereas caspase-9 -/-mice die before or shortly after birth and exhibit severe brain abnormalities (Kuida et al., 1998) . Caspase-3 -/-mice are usually perinatally lethal (Kuida et al., 1996) . The absolute requirement of the caspase-9/caspase-3 pathway for neuronal cell death and caspase-8 for the proper formation of heart muscle suggests a strict tissue-specific requirement for certain caspases during development.
In caspase-3 knock-out mice, apoptosis is rapidly reduced in dividing neuroepithelial cells in the central nervous system. These mice are born at a low frequency and usually die perinatally or a few weeks after birth and show structural disorganisation and partial resistance of T lymphocytes to activation-induced cell death (Kuida et al., 1996) . Although the most significant apoptosis deficiency in caspase-3 knock-out mice is displayed in the central nervous system, apoptosis-associated alterations are also absent or delayed in other cells (Zheng et al., 1998) .
Activated caspase-3 was found in the interdigital segments of limbs, in the thymus, small intestine epithelium, kidney and neurons, all areas where cell death occurs naturally during development (Raff et al., 1993; Krajewska et al., 1997; Eijnde et al., 1999; Araki et al., 2003; Resendes et al., 2004) . In tooth development, caspase-3 activation was found to correlate with TUNEL-positive cells (Shigemura et al., 2001; Matalova et al., 2005b) . In order to investigate the role of caspase-3 in tooth development, molar tooth morphogenesis was analyzed in caspase-3 mutant mice on different genetic backgrounds.
Results

Morphology of the tooth germ
Caspase-3 deficient mice were investigated on three different backgrounds (B57BL/6, 129X1/SvJ and mixed) at embryonic day (E) 15.5. At this stage the primary enamel knot cells have should disappear by apoptosis and the secondary enamel knots have started to form.
No apparent differences in morphology of the first molar tooth germs, location of the primary enamel knots or distribution of apoptotic cells were observed in wildtype mice from the two background strains, B57BL/6 or 129X1/SvJ. In all mutant mice, first molar tooth germs reached the early bell stage at the same time as in the corresponding wild types. However, the shape of the bell, particularly the area corresponding to the original primary enamel knot differed in some mutants. Caspase-3 -/-/ 129X1/SvJ first molar tooth germs did not show any obvious differences compared to caspase-3+/+/129X1/SvJ in frontal sections. In sagittal sections, however, the location of the first molar tooth germs was abnormal, these teeth being found shifted posteriorly in the upper jaw. The mutants on this background have extremely abnormal head morphology and brain malformations ( Fig. 1 ). In contrast, in the caspase-3 -/-on the B57BL/6 background, altered morphology of the first molar tooth germs was found in both upper and lower jaws. In particular, the concave region where the primary enamel knot would have originated appeared to be very disorganized (Fig. 2) .
In situ hybridisation
Due to the most severe defect in tooth morphology being on the B57BL/6 background, these mice were investigated further using in situ hybridisation to identify changes in enamel knot location and secondary enamel knot formation. Location of Shh mRNA in homozygous mutants (Fig. 3 D, E) was found to be expanded into the inner dental epithelium compared to heterozygotes (Fig. 3 I, J) and the wild type ( Fig. 3 N, O) . Fgf-4 expression was found to be norteeth developed and did not show any obvious difference in cusp morphology. In order to reveal any internal morphological alterations in the adult molars and to check enamel formation, further histological analysis was performed. Decalcified sagittal jaw sections stained with trichrome did not show any difference in the structure of the molar teeth (Fig. 4 E, F) . To identify any possible subtle defects in structure of the enamel, upper first molars were prepared for scanning electron microscopy. No obvious defects in enamel formation were found (Fig. 4 G, H, I, J).
Discussion
One explanation for how multiple caspases function in vivo proposes that individual caspases act in a tissue specific fashion. However, the simultaneous expression of multiple caspases in most cell types would appear to rule out any simplistic tissue-specific model (Zheng et al.,1999) . Nevertheless, several caspase knockout mice do exhibit tissue-restricted phenotypes.
The severity of developmental abnormalities in caspase-3 mutants are known to differ on different genetic backgrounds (Leonard et al., 2002; Urase et al., 2003) . Thus, we investigated mutant phenotypes on backgrounds: B57BL/6 and 129X1/SvJ. Surprisingly, the molar tooth morphogenesis was affected particularly in caspase-3 mutants on the B57BL/6 background. Based on reports of other developmental abnormalities, the caspase-3 knock-out on the B57BL/6 background was expected to have the mildest alteration in molar tooth development and the 129X1/SvJ background the most severe (Urase et mal in forming secondary enamel knots in both, mutant and the wild type (Fig. 3 B, C , G, H, L, M). However, due to the altered shape of the tooth germ, the position of Fgf-4 expression differed. In the wild type and heterozygotes, Fgf-4 was expressed in two patches located in the concave part of the epithelium facing the mesenchyme, whereas, in the mutants Fgf-4 expression was seen on the convex region of the epithelium in the disorganized central area.
Proliferation and apoptosis
PCNA was used as a marker to localise the proliferating cells in the mutant tooth germs on the B57BL/6 background at the early bell stage. In both, wildtype and mutant, PCNA positive cells were found in the growing cervical loop and around the primary enamel knot area as previously described (Lesot et al., 1996) . The mitotic regions in the mutant were thus unaltered by loss of caspase-3.
Apoptosis was evaluated using morphological criteria based on detection of apoptotic bodies and TUNEL labelling of DNA breaks. No apoptotic bodies were found in the mutant tooth germs at E15.5 and moreover TUNEL labelling showed negative or very weak staining. Weak TUNEL staining has also been reported in other regions of the embryo in the caspase-3 knockout mouse .
Adult tooth phenotype
To investigate the adult molar tooth phenotype, lower and upper jaws of the wild type and caspase-3 -/-mice on the B57BL/6 background were skinned and skeletons prepared. As shown in Fig. 4 , in both, mutants and controls, all three molar al., 2003) . This observation suggests that different modifier genes are acting on different tissues in the absence of caspase-3 (Zheng et al., 1999) . The enamel knot in mouse molars has been described as a transitory structure with a specific arrangement of cells and accumulation of apoptotic activity (Lesot et al., 1996) . In the mouse, specific expression of several signalling molecules such as Shh, 4, 7, is found in the cells of the primary enamel knot (Jernvall et al., 1998; Vaahtokari et al., 1996) and therefore the enamel knots have been described to act as signalling centres for tooth morphogenesis. The primary enamel knot can be detected from the bud to early bell stage and becomes eliminated by apoptosis at the bell stage. We thus concentrated on this stage of molar tooth development in order to reveal any relationship between caspase-3 deficiency and tooth morphology, dental apoptosis, proliferation, secondary enamel knot formation as well as final adult molar tooth shape and structure.
The absence of caspase-3 on the B57BL/6 background led to an altered morphology of the developing tooth germ at the early bell stage, when the primary enamel knot disappears and the tooth germ progresses to the next developmental stage. These alterations can be explained by the prolonged survival of primary enamel knot cells and the normal proliferation of surrounding tissue around this cluster. The primary enamel knot has been shown to persist after addition of a general caspase inhibitor in culture (Coin et al., 2000) .
Expression of Shh and Fgf4, markers of primary enamel knot cells, differed only slightly in the mutant compared to the wild type. In our study the only difference observed was a spread of Shh into the inner dental epithelium. This may be due to the longer survival of some of the original primary enamel knot cells, which then may expand in the growing inner dental epithelium. This hypothesis could be supported by the findings of Coin et al. (2000) who demonstrated a persistent enamel knot after general caspase inhibition in vitro and moreover, weak expression of Shh in this cell population. However, at least in the mutant it appears that these cells later become scavenged, perhaps due to early phosphatidylserine translocation and thus the cells destined to die may be already tagged before caspase-3 activation (Verhoven et al., 1999) . Absence of caspase-3 could thus simply delay their loss from the tissue. This fact could explain the normal adult tooth phenotype in the mutants where it appears any abnormal early development is rescued.
Another possible explanation for the lack of a tooth phenotype could be compensatory activation of other executive caspases, such as caspase-6 or caspase-7 since these have a relatively high sequence homology. Such compensation has been described in vitro (Zheng et al., 2000) . Multiple caspases and regulators of caspase activation may have evolved to provide mammals with greater plasticity to respond to more diverse stimuli, explaining why knock-outs of only one caspase do not lead to complete developmental arrest (Zheng et al., 1999; Zakeri et al., 2005) . Compensatory caspase activation could thus bypass the requirement for caspase-3 in tooth development. In knock-out mice, other effector caspases than caspase-3 seem to act downstream of apical caspases. This is observed in the caspase-9 homozygotes where the phenotype is similar but more severe than in caspase-3 mutants Kuida et al., 1998) . Thus, caspase-3 may not be necessary for a successful elimination of primary enamel knot cells after termination of their function. The arrest in apoptotic cell death observed in the primary enamel knot, however, seems to lead to short-term morphological alterations of the developing molar tooth germs that nevertheless can recover during further embryonic tooth development. Although the primary enamel knots are disorganised, the secondary enamel knots appear in the correct place at the correct time. These findings support our previous hypothesis (Matalova et al., 2005a) that there is no cellular continuity between primary and secondary enamel knots. Thus a defect in the morphology of the primary enamel knot area does not necessarily lead to a defect in the origin of secondary enamel knots.
Apoptosis can be detected at different stages of enamel development: in differentiated ameloblasts, in transitional ameloblasts and in maturing ameloblasts (Bronckers et al., 2000) . We therefore investigated the possible impact of caspase-3 deficiency on final enamel formation in adult molar teeth. Scanning electron microscopy did not reveal any changes in enamel formation or ameloblast density, suggesting engagement of compensatory pathways or non-caspase-mediated cell death in the reduction of ameloblast numbers.
In vivo, lack of caspase-3 has been suggested to result in increased proliferation and decreased differentiation due to the decreased activation of caspase-3 substrates (such as PKC-delta) which function as positive regulators of differentiation (Ryoo et al., 2004) . Such compensatory proliferation of the surrounding tissue was not confirmed in our analysis of the tooth germs of mutant mice using PCNA to detect proliferating areas in the dental epithelium and mesenchyme.
In the 129X1/SvJ caspase-3 deficient mice, a posterior shift in the first upper molar formation was revealed. This may be explained as a secondary defect caused by the prominent brain malformations. In these mice the brain is hugely expanded and protrudes frontally over the developing face. This appears to physically restrict facial development and prevent fusion of the maxilla and the nasal processes of the upper jaw. In frontal sections the brain can be seen to lie in between the unfused nasal processes directly on top of the tongue. This physical barrier appears to cause the face to flatten outwards, resulting in a much shorter upper jaw in the mutant compared to the wildtype. All midline facial structures, such as the palate, form (as indicated by the development of rugae) but are misshaped. Our results suggest, that caspase-3 is involved in dental apoptosis, but does not seem to be essential for molar tooth formation. Thus alterations caused by caspase-3 deficiency at early stages of tooth development, particularly in the primary enamel knot area, do not affect final adult tooth pattern, morphology and differentiation.
Materials and Methods
Animals
Caspase-3 mutant mice on 129X1/SvJ and on a mixed background were obtained from the Department of Neuropathology, University of Alabama at Birmingham, USA (Prof. K.A. Roth) and generated as described in Leonard et al. (2002) .
Caspase-3 mutant mice on B57BL/6 were provided by Dr. S. Lakhani (Howard Hughes Medical Institute, Yale University School of Medicine, New Haven, USA) and generated as described in Zheng et al. (2000) .
Samples
Head parts of mutant and wild type mouse embryos E 15.5 were embedded in paraffin and sectioned frontally and sagittally using sections of 4 µm, split over three sections and mounted on SuperFrost Plus slides.
Adult jaws were skinned, decalcified (0.5% EDTA), paraffin embedded and sectioned saggitally using sections of 7 µm, split over two sections and mounted on SuperFrost Plus slides.
Histology
Morphology of tooth germs was evaluated after staining by haematoxylin-eosin in the embryonic tissue and by haematoxylin-eosin and trichrome staining in the adult tissue.
TUNEL assay
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (In situ Cell Death Detection Kit) was used to detect apoptotic DNA breaks in individual cells. The procedure was carried out as described in the producer´s directions (Roche Biochemicals) with pretreatment in 0.1% TRITON X-100 in 0.1 sodium citrate (8 mins, room temperature) and conversion using alkaline -phosphatase and NBT/NCIB color substrate. Aqueous eosin was used for counterstaining of the sections.
PCNA (proliferating cell nuclear antigen)
A polyclonal PCNA antibody (Santa Cruz) was exploited to detect proliferating areas in the sections. Primary antibody was applied for 1 hour (room temperature) after pretreatment in citric buffer (microwave irradiation for 10 mins). Application of the secondary antibody (labelled with horse radish peroxidase -HRP) for 30 mins was followed by colour reaction using 3, 3´-diaminobensidine (DAB) as the substrate.
In situ hybridisation
Radioactive 35 S in situ hybridisation was performed as described previously by Tucker et al. (1999) . Mouse Fgf4 was linearized with XmnI and transcribed with SP6. Mouse Shh was linearized with EcoR1 and transcribed with T7.
Scanning electron microscopy
After fixation in paraformaldehyde, samples were cracked open to the enamel structure and air dried for one week before coated for SEM. SEM was performed by the Centre for Ultrastructural Imaging at King' s College London.
